INTRODUCTION
Relating smoke products to smoke precursors when burning any nahttally occurring plant materia~ is an ambiguous task, at b.est. i:o facilitate interpretation of results a simple, model pyrolysis system was studied usiJtg cellulost~ as the smoke precursor' an:d monitoring benzo(a)pyrene [B(a)P] as the smoke product. Cellulose was ideally suited because its structure and stereochemistry are known; because it was av;~.ilable in pure form; and 'because i{ is nonvolatile, it necessarily must decompose on heating .thereby contributing to the products of combustion. In addition, cellulose is found abundantly in plants and constitutes more than 1.6 Ofo of the dry weight of tobacco.
ISOTHERMAL PYROLYSIS. EXPERiMENTS
Proc~dure Pyrolysis was carried out in a. vertically m~unted . : Vycor® glass tube (2" X1.5~') containing Berl saddles which covered a thermocouple at the tube's center. Carrier gas (nitrogen, unless otherwise specified) was introduced at the top of. the tube, and . pyrolyzate was collected at the lower end' of the tube on either Cambridge filter pads or in cold traps; Usually a carrier gas flow rate of 85 ml per minute -was used while heating was controlled by· a 220 volt electric furnace .. The substance to be pyrcilyzed· was introduced at the top of the tube through a powder funnel (under carrier gas) at the rate of 5 grams per 30· minutes. The pyrolyzate was dissolved in reagent grade .acetone and evaporated to dryness on a steam bath, and the residues were dissolved iri· small volumes of benzene-methanoL(4:1.). Aliqu.ots were c:hromatogriiphed on .acetylated paper using. ethylene glycol.monomethyl. ether. as. the dt~veloping solvent; The details :of. the paper .chromatographic procedure and subsequent fluorimetric analysis of B(a)P have been published . . (1.) .; The results of .analyses are 'given ·as nanograms (ng). of B(a)P formed·per gram of cellulose (or other material) pyrolyzed.
. 
B(a)P Yield vs. Oxygen Concentration
When nitrogen was replaced with atmospheres containing oxygen, an unexpected increase in the B(a)P yield resulted (Table 2 ). This experiment suggests that any attempt to increase the amount of oxygen in an oxygen-deficient pyrolysis zone will not decrease the amount of B(a)P formed there. ' B(a)P Yield vs. Additives (at 850° C) To learn the effect of high-surface-area metals on the pyrolysis of cellulose, the paddng in the tube was partially replaced by a metallic sponge (scouring pad), see Figure 1 .. Cellulose, in contact with these sponges, was pyrolyzed (Table 3) . Because nearly complete inhibition of B(a)P formation by the iron sponges was noted, a series of pyrolyses were performed in whim the cellu-
Carrier gas Cellulose
, lose was mixed with one-tenth its Table 4· The conclusions drawn from these isothermal studies were: compounds of the metallic elements were more effective than were the metals themselves; in a salt, the anion exerted some effect with nitrate being the more effective in decreasing B(a}P yield; and of the metallic elements; iron, cobalt, and nickel were the only ones tried whim showed any effectiveness. In the case of iron compounds, decreased B(a)P yields resulted with all valance states of the metal. In addition, the degree of physical mixing of the inorganic compound with the cellulose appeared unimportant. The anion and the cation in these salts exerted . their effects independently which permitted the calculation of a numerical factor for each anion and cation. Multiplication of these factors by g.z,ooo (the control value for cellulose) gave a "predicted" value for the B(a)P yield which closely approximated the observed value '( Table 5 ). Note that the factor for aluminium, being greater than one, implies that aluminium has a tendency to increase B(a)P formation.
It was apparent that B(a)P was not the only product whose yield was reduced, because the total pyrolyzate which formed abundantly from cellulose at 850° C was absent in the celluloseplus-iron experiments. The paper chromato- the cellulose-steel wool pyrolyzate had only one ·faint fluorescent zone which was identified as anthracene. . It was thought that this effect of iron might be occurring only in the absence of oxygen. This was not the case as both iron oxide and steel wool were capable of decreasing B(a)P yield both in air and in nitrogen (Table 6 ). The effect of water on this cellulose-iron reaction is shown in Table 7 . Evidently . the .presence of water prevented the iron from inhibiting the B(a)P formation. Finally, the effect of iron at various pyrolysis temperatures was studied. The resulting B(a)P yields are compared with those obtained from cellulose alone in Figure 2 . From this we have concluded that this effect of iron begins at about 6oo° C, as the difference between the B(a)P yields with and without the iron decreased at the lower temperatures until at temperatures below 6oo° C they were about the same. 
GRADUATED HEATING EXPERIMENTS
The large amount of B(a)P formed in the isothermal pyrolysis experiin~ts was. SlirPrlsing; and, as noted, much lower .B(a)P yields were observed at temperatures below 6oo 0 C. Therefore, this low-temperature, low-efficiency, B(a)P-:forming process was studied. The type of experiment chosen was one in which the cellulose was heated from room temperature to· 850°. C during a period of several minutes with the pyrolyzate being collected during successive temperature intervals.
" . .
Ptoce4ure
The same apparatus was used except that the material to be heated was placed in the Vycor* glass tube on top of the porcelaih pad<ing. After adjusting the carrier gas flow (normally 85 m1 per minute) the apparatus was allowed to heat up. In general, .22 minutes Was require4 to bring the apparatus from 30° C to 850° C. The pyrolyzate was collected on Cambridge pads which were changed during the experiment, usually ~t_ intervals of '1~0° C.. '
l10thermal pyrolysis: B(a)P yield vs. temperature
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The temperature of the material being pyrolyzed was higher than the recorded temperature, because the apparatus was not in the~al equilibrium while heating and because. the heating elements in the furnace were at a' mum .higher .
; temperature than that recorded by the thermocouple. The magnitude of this error was estimated by measuring the·temperature at the inner wall of the tube with a separate thermocouple. It was found that the temperature difference betwee~ the wall of the tube and the thermocouple could be as great as '1oo° C, depending on the temperature and the heating rate.
As B(a)P yields below 350° C were negligible,
it was felt that the total yield of B(a)~ collected from 350° C to 850° C. was the most ~ignificant 
Results and Discussion
Effect of Flow Rate As seen in Table 8 increased carrier gas flow rate caused an· increase in B(a)P yield; however, the total yields were ~um lower than those encountered in the isothermal pyrolysis experiments.
TABLE 8·
Graduated heating cd ceiMose in nitrogen:
Flow rat~ vs. B(a)P yield.
Carrier gas flow rate (ml/min.)
TotalyieldofB(a)P35~50° C (ng/g cellulose) It appeared that th,~ graduated heating caused a very different type of B(a)P .formation reaction to take place whim did not involve volatile, gaseous intermediates; for increased flow would certainly reduce B(a)P yield, i! volatiles were involved. These B(a)P precursors appeared to be nonvolatile . be~ formed fro~ the solid state decomposition of cellulose. creased further by a,dsorption on marcoal, none
w~s 'recovered .. 
Graduated Heating Experiments with Iron

Graduated Heating in Different Carrier
Atmospheres . The substitution of other gases for the nitrogen carrier gas was explored. The gases used were air, carbon dioxide, hydrogen, nitric oxide, and propylene. An attempt was made ·to include steam as one of'the caiTier· gases. This was done by heating cellulose from 30° C to 8,50° C with a nitrogen gas flow of 8.5 ml per minute while water was added to the pyrolysis tube from a dropping funnel at a rate of abOut '1 ml per minute throughout the reaction. Results are given in Table : When air was used, the total B(a)P yield was somewhat higher than it was in nitrogen. This result was the same as that observed with air in the isothermal· pyrolyses and again suggests the futility of trying to reduce the yi~ld of B(a)P by supplying additional oxygen to the pyrolysis. Carbon dioxide and hydrogen nearly doubled the B(a)P yield with the maxnn.'um being in the 4.50° C to .5.50° C ran,ge, Water caused a sixfold increase in B(a)P yield. No acceptable hypothesis for explaining these increases is evident. · Propylene was used as a carrier gas because. in pyrolyses in the :100° C to 400° C r~ge it is reported (2) to act as an inhibitor, similar to nitric oxide. We observed, however, enormous yields of B(a)P whidt must have come from pyrolysis of the propylene itself. When nitric oxide was used as a carrier gas, B(a)P ·formation was barely detectable (30 ng/g of cellulose). Because nitric oxide is a well-known inhibitor of free radical processes, there is reason, to propose that a similar process occurred in this cellulose pyrolysis with nitric oxide.
To establish the medtanism of the effect of nitrate additives, cellulose mixed with sodium nitrite (a substance known not· to evolve NO) was heated from 30° C to 8,50° C, as was cellulose mixed with MM-:1"" (a mixture we found to evolve oxides of nitrogen sharply at 42.5° C).
With .sodium nitrite a slight decrease iri B(a)P yield was observed, but with MM-:1 there was a decrease in total B(a)P yield of 39°/o (Table : 1:1). The amounts of B(a)P collected in the various temperature ranges showed that the decrease when using MM-:1 was due mainly to a decreased formation of B(a)P in the 3.50° C to 4.50° C range. It was evident that the additive was pre-· venting the formation of B( a)P only in the temperature range in whidt the additive decomposed. experiments with propylene to be described (control) NaN0 2 . MM-1* next reinforced this conclusion. ! 10 passed over cellulose while the temperature was TOTAL 340 raised from room temperature to 700° C, the 60:1 propylene,was converted to B(a)P at temperatures as low as 400° C. The data are given in Table 1 .2. A probable explanation was that the cellulose decomposed in the 350° C to 450° C range with the formation of radicals, which were capable of initiating the reaction of propylene. In the absence 
Experiments on Substances Other than Cellulose
The experiments reported thus far were all carried out with cellulose: however, in an earlier experiment the carboxymethylcellulose control sample gave 370 ng/g of B(a)P compared with 570 ng/g of B(a)P from cellulose. Thus, it appeared that the amount of B(a)P formed from tWo quite similar carbohydrates could vary considerably. Cellulose was taken as the basic molecule, and the following structural changes were studied: the stereochemistry of the C1--'=4 glycoside link, the nature of the substituent on C5, and the molecular weight. The results are arranged in tabular form in Table 1 .3. In the high polymers, the C1--'=4 stereochemistry affected B(a)P yield. With the exception of glucuronic acid, all the monosaccharides (f~-glucose, dextrose and xylose) gave limits of error of the experiment. Likewise, all of the sucrose) gave a constant yield.
the same yield of B(a)P within the disaccharides (cellobiose,_ maltose, and
Another regularity was the effect of converting the Ca-hydroxymethylene group to carboxyl. In both the polymer and monomer this change caused an 8o 0 /o decrease in B(a)P yield. It was found in later experiments with pectic substances and with other nitrogen dioxide-oxidized Table 1 .4 illustrates that a change in physical form affected the yield of B(a)P from the chemically altered cellulose to about the same extent that it did the control.
